Abstract-Force aroused from the contact of atomic force microscope (AFM) tip to a sample surface can induce compression of the sample due to its elasticity, thus causing the scanned height image of AFM to be lower than expected. A theoretical investigation of surface elasticity measurement and error compensation method is proposed in this paper. The error source of the height image is systematically demonstrated by analyzing the force curve of different materials in contact mode. Furthermore, an automatic surface elasticity measurement and error compensation method based on information fusion and parameter identification are proposed. In addition, Kalman filter is utilized to filter the compensated height image in order to eliminate system noise. Experimental results show the validity of the proposed compensation method and Kalman filter.
I. INTRODUCTION

S
INCE atomic force microscope (AFM) was first developed in 1986 [1] , it has been widely used in micro-/ nanomanipulation, and now, it is a well-known tool utilized to investigate characteristics of samples on micro-/nanometer scale [2] . Fig. 1 depicts the working principle of the AFM system. When the tip scans across a sample surface, a laser beam from a solidstate diode is reflected off the back of a cantilever and collected by a position-sensitive detector consisting of two closely spaced photodiodes. Then, angular displacement of the cantilever results in one photodiode collecting more light than the other, so the detector produces an output difference signal proportional to deflection of the cantilever. After the signal is processed, a controller outputs an adjustment order to control the piezoelectric actuator to move along x, y, or z, and images of the sample surface are formed during this period. The Veeco multimode AFM utilized operates in three different scan modes-contact mode, noncontact mode, and tapping mode. The scan image of the AFM is based on the interaction force between the AFM tip and the sample in any of the three modes of operation. However, researches have shown that there is a compression effect in tapping mode due to compression force of the tip that causes the scanned height to be lower than expected (in this paper, we will show that this effect also exists in contact mode). The degree of reduction is a monotonic function with sample surface elasticity [3] - [5] . Although force curve has become an effective method to research surface characteristics [6] , [7] , including elasticity, it is a huge task to measure every point's force curve in practice. Therefore, researchers always measure force curves of some representative points and calculate their average value. In this paper, through analysis on the force curve of different materials, error source of the height image is proved in theory with the contact mode AFM, and a novel automatic force curve slope measurement method based on information fusion and parameter identification is proposed. Consequently, both the surface elasticity image and the accurate height image are obtained simultaneously.
The paper is organized as follows. In Section II, the height error of AFM in contact mode is analyzed in detail. An online estimation strategy fusion height data and deflection data, as well as Kalman filter technique, are used to obtain the surface elasticity image and the accurate height image simultaneously in Section III. Finally, in Section IV, extensive experiments are conducted with respect to multiwalled carbon nanotubes (MWCNTs) to prove the feasibility and the validity of the proposed strategy.
II. ANALYSIS ON THE SYSTEMATIC ERROR IN CONTACT MODE AFM
A. Surface Characteristic Reflected by a Force Curve
When the AFM tip moves vertically in a small region of sample surface, an interaction force between the tip and the sample is produced, as illustrated in Fig. 2 , where the horizontal axis represents the distance between tip and sample, and the vertical axis represents force exerting on the cantilever [8] - [11] .
First, the tip approaches the sample (A-B) along with the extension of the piezo, and due to the attraction of surface charges, the cantilever deflects downward gradually from the initial nonload state. As the distance becomes smaller, the tip suddenly plunges toward the sample during its descent (B) called the "jump-to-contact." This is caused by electrostatic force or surface tension (capillary) force. Then, the piezo extends continually, while the cantilever bends upward resulting from the repulsion of the sample when the tip has possibly pressed into the sample surface resulted from the sample's deformation (B-C). During the period of extension, the force curve can represent some forces exerting on the sample surface, including Van Der Waals force and electrostatic force. On the other hand, as the piezo retracts, elastic force increases gradually when the cantilever is away from the sample (C-D) until the tip breaks free of surface adhesive force at E, known as the "lets-go" point. At this period, surface characteristics, such as flexibility, elasticity, viscosity, and molecule specificity, can be analyzed [12] .
As mentioned earlier, a force curve contains information of surface force and surface characteristics [13] , [14] , and its slope represents the elasticity of a sample surface. The slope is in direct proportion to rigidity and in contrast with elasticity. For example, graphite is softer than silicon, so the force curve slope of graphite is smaller than that of silicon in theory. Fig. 3 shows the force curves attained experimentally. In Fig. 3 , the dashdotted line is the force curve of graphite whose absolute slope is 0.008 V/nm, and the solid line is that of silicon whose absolute slope is 0.015 V/nm.
B. Error of a Height Image
In contact mode, a height image is formed by the scanner's vertical positions with a constant deflection of the cantilever. Fig. 4 depicts several important definitions in the AFM scan, where the solid cantilever and the dashed cantilever denote the operating state and the free state, respectively; the dash-dotted line denotes the defined zero height; h M is the true height of the sample surface relative to the zero height; h 0 and h 1 are the heights of the cantilever without deflection and with deflection, respectively; h 2 is the deformation of the sample; and h 3 , as the vertical movement of the scanner relative to the zero height, can be obtained from the height image. It is easy to obtain the following equation:
Due to fixed deflection, h 1 in (1) is a constant, so it can be omitted in practice and the true height of the sample surface can be denoted ash
In (2), we can see that a height error always exists due to the deformation, i.e., the existence of the term h 2 . If a sample with only one material is scanned, it is not influential, because h 2 is a constant. However, in most applications, the interested sample is composed of several materials, so h 2 may be variable from point to point. In Fig. 5 , two materials are taken for an example, where the horizontal axis represents the distance h between the tip and the sample, the vertical axis represents the cantilever's deflection p, and the two lines are the force curves of these materials.
Assuming that their heights are same, the equal vertical movement of the scanner is expected. From Hooke's Law, force on the tip can be denoted as a linear equation
where k is the spring constant of the cantilever; F is force. Thus, if the force curves of them can be denoted as
, respectively, the following equations can be obtained
In contact mode, 1 F and 2 F are both assumed to be equal to each other; thus, we have
where (
Since f 1 ( * ) = f 2 ( * ), the following result can be attained:
It means that the height images of these materials are different although their true heights are same, and the deformation h 2 is the main source of the height error in the contact mode AFM.
III. INFORMATION FUSION AND KALMAN FILTER
A. New Expression of Height Error
In contact mode, AFM works in B-C segment of Fig. 2 ; thus, the deflection p of the cantilever can be considered as the function of h 2 , ξ, and θ based on Fig. 5 , then
where θ and ξ denote the slope and the offset of the force curve, respectively. By Defining an initial point whose parameters can be denoted by subscript 0, (6) can be rewritten as
1 (ξ 0 − ξ 1 ) (9) where subscript 1 denotes the parameters of other points except for the initial point. Therefore, the height difference relative to the initial point can be denoted as
where
is the true height, and the height error can be denoted as
According to the scan theory, the system model can be denoted as
where x 1,k is the height value at the kth scanned point, i.e., (h M ,k − 0h M ) (in nanometer); x 2,k is the deflection at the kth point equal to a unknown value w k that can be considered as systematic noise (in volt).
Based on (11) and (12), the measurement model, in practice, can be denoted as
where y 1,k and y 2,k denote the height data and deflection data at the kth point, respectively; θ k and ξ k are the force curve parameters at the kth point; θ 0 and ξ 0 are the force curve parameters at the initial point that can be measured offline; and v 1,k and v 2,k are the systematic noises.
In the real operation, it is reasonable to suppose that neighbor points have almost the same parameters, i.e.,
Thus, (13) can also be written as
Based on (8)
where p 0 is the initial deflection as well as the fixed deflection. In Fig. 2 , when h 2 is near zero, i.e., the cantilever is free, so is the deflection signal p; thus, the following equation is always satisfied:
Based on (14) and (17), (12) and (16) can be rewritten as
Then, the height error becomes e = p 0 (θ
Therefore, in order to compensate the height error, it is necessary to measure θ that reflects surface characteristics, including elasticity.
B. Surface Elasticity Measurement
In order to obtain θ k of every point in (20) online, in this section, we consider the least-squares algorithm.
First, combine (18) and (19), and we have
Equation (21) can be further rewritten as the following equation based on the assumption that neighbor points have the same parameters:
Let
whereθ is the new defined parameter to be estimated;ȳ 1 and y 2 are the new defined measurement vectors; andv is the new defined measurement noise. Thus, (22) can be transformed into the following equation:ȳ 1θ =ȳ 2 +v.
The parameter estimation in (24) is a standard least-square problem. Thus, the following equation can be used to identify the unknown parameterθ:
wherē
. . .
According to (12) and (13),ȳ 1 is the deflection value at each point that can be obtained through the deflection image, andȳ 2 is the height difference between two neighbor points that can be obtained through the height image. So, at each point, the slope can be identified based on fusion of the height image and the deflection image through the least-squares algorithm. Then, the height error can be attained based on (20).
C. Filter Using Kalman Filter
In Section III-A, we have shown that (18) and (19) can be used to model the scan process of the contact mode AFM, and with the least-squares algorithm and information fusion, the height error due to the unknown parameter θ k can be improved. However, there are still noises left in the experiment results, including: 1) the original process and the measurement noise, as shown in (18) and (19), and 2) the noise due to the imprecision of the estimation procedure, as shown in Section III-A. Therefore, it is necessary to attenuate them.
Kalman filter has been proved to be a well-known and effective filtration method that is optimal in the sense of minimum the estimated error covariance when some presumed conditions are met [15] , and it is composed of "time update" (also called predict) step and "measurement update" (also called correct) step. Therefore, in this paper, we use Kalman filter to filter the compensated height image.
Based on the Kalman filter theory, the process model can be denoted as follows:
where x k and y k are, respectively, the state vector and measurement vector at the kth point; A, B 1 , B 2 , H, C, and D are all systematic matrixes with proper dimensions; w k and v k , mutually independent, are the process noise (1-D) and measurement noise (2-D), respectively. Besides, w k and v k are also independent. With respect to the scan process, the system equations are as in (18) and (19), and the corresponding matrixes are
The control input can be denoted as
Note that Q = E(ω k ω k ) is the covariance of the process noise;
is the covariance of the measurement noise;x k ∈ R is a priori state estimation at the kth point, andx k is a posteriori state estimation. Then, a priori and a posteriori estimate error can be defined asē
where x k is the true value at the kth point.
Then, a priori estimate error covariance and a posteriori estimate error are shown as
Finally, the ongoing discrete Kalman filter cycle is shown in Fig. 6 .
IV. EXPERIMENT RESULTS
In order to validate the proposed algorithm, we conduct experiments to scan MWCNTs on a silicon substrate. In these experiments, the multimode scanning probe microscopy from Veeco is used. All the experiments are conducted at room temperature. A V-shape NP-010 tip, with a height of 2.5 μm and a curvature radius of 40 nm, has been installed on the AFM. The length of the cantilever is 196 μm and its elasticity coefficient is 0.12 nN/m. We use the contact mode and the scan frequency is fixed between 0.5 and 2 Hz.
A. Experiments of Surface Elasticity Measurement and Height Compensation
First, scan the whole sample surface with the contact mode AFM and attain the height image and the deflection image, as shown in Fig. 7 , where Fig. 7(a) is the height image and Fig. 7(b) is the deflection image.
Second, measure the force curve slope of the silicon substrate and the MWCNT offline five times, respectively. The average slope of the substrate is 0.015 V/nm, taken as the initial slope, and the average slope of the CNT is 0.004 V/nm. The rest slope of the sample surface is identified by the proposed method and the result is shown in Fig. 8 , where the horizontal axis represents the number of pixels scanned from left to right and top to bottom; the vertical axis represents the force curve slope. The curve is the identified slope that has small-scale fluctuations around 0.015 V/nm at the position of the silicon substrate and decreases at the position of the MWCNT. The identified slope of the CNT is between 0.002 and 0.005 V/nm, and is close to the measured value 0.004 V/nm. So, the proposed algorithm is effective in slope identification. Furthermore, the identified slope of the MWCNT is smaller than that of the silicon substrate.
Third, construct the surface elasticity image with the identified slope, and the result is shown in Fig. 9 . From it, we can see that the elasticity difference between the MWCNT and the substrate is very clear in the whole image. As compared to the original height image or the deflection image, the MWCNT in Fig. 9 is wider, this resulted mainly from the transitional process of the identification.
Finally, calculate (20) to attain the height error, and the result is shown in Figs. 10 and 11 . In Fig. 10 , the horizontal axis represents the number of pixels, and the vertical axis represents the height error. Fig. 11 is the color image of the height error. From them, we can see that the height error of the silicon substrate is very small, while at the position of the MWCNT, the height error increases approximately 3 nm. The reason is that the ability of silicon to endure work pressure is better under same force since its elasticity is smaller than that of MWCNT, so the height of the silicon substrate does not change much, while the height of the MWCNT increases obviously. 
B. Experiments of Using Kalman Filter
It is necessary to estimate the process noise and the measurement noise before using Kalman filter. First, as for the measurement noise, we can use error statistics of the height image and the deflection image, and attain how it distributes and what is the covariance value. The results are shown in Figs. 12 and 13 in which the horizontal axis represents the height or the deflection value, and the vertical axis represents the number of points fallen into the corresponding height or deflection region. From them, we can see that the error of the height image and the deflection image satisfies Gauss distribution. Through calculation, the covariance of them is 1.6506 and 3.3750e-0.04, respectively. Therefore, these two values can be used to replace R of Kalman filter.
Then, as for the covariance of the process noise Q, we can obtain it from experiments, rather than the statistical method. By contrasting the filter results for different Q, we can choose the value with best filter effect as the final Q [16] . Fig. 14(a) is the filter results of the compensated height image with different Q, among which Fig. 14(b) and (c) is the local magnified results at positions "1" and "2." From these figures, we can see that the filter's capability and lagging are all the best when Q is equal to 0.0001, so 0.0001 is chosen as the covariance of the process noise Q.
By using R and Q, we can filter the height image with Kalman filter, whose result is shown in Fig. 15 , where the green curve is the height image after filter, the red curve with star is that before filter, among them Fig. 15(b) and (c) is the local magnified results at position "1" and "2." From them, we can see that the height image after filter is more slippery.
V. CONCLUSION
In this paper, we present a novel parameter identification and information fusion method to measure the surface elasticity and compensate the height image of the contact mode AFM based on the force curve slope. Our contributions are as the following four aspects: 1) Introduce a new error analysis method of the height image in theory based on the contact mode AFM.
2) Propose an automatic surface elasticity measurement and error compensation method using the idea of information fusion, parameter identification, and Kalman filter. 3) A new method to obtain (online) a surface elasticity image of the interested sample is given. This will greatly enhance the applications of AFM in some other fields, such as material science. 4) Extensive experiments are performed with MWCNTs on the silicon substrate and the results present the effectiveness and the validity of the proposed algorithm to simultaneously obtain the surface elasticity image and compensate the height error.
